Abstract: Strong room-temperature electroluminescence at 365 nm has been demonstrated from simple Au/AlN/n-GaN metal-insulator-semiconductor (MIS) light emitting diodes, which do not contain p-doped material. Current-voltage and electroluminescence data indicate that an AlN insulating layer thickness of 10 nm results in optimized diode behavior and maximum ultraviolet emission: At lower thicknesses carriers tunnel easily through the barrier, whereas at greater thicknesses the forward resistivity is excessively high. A decrease in emission intensity was observed at high injection currents due to Fowler-Nordheim tunnelling. However the device efficiency was found to improve by a factor of 10 when the AlN layer and the metal contact layer were deposited without breaking vacuum, thereby preventing any contamination or oxidation of the AlN surface. Additionally, this MIS device showed clear resonant tunnelling characteristics which are correlated with the enhanced light emission intensity.
Ultraviolet Emission From Resonant
Tunnelling Metal-InsulatorSemiconductor Light Emitting Tunnel Diodes
Introduction
The III-nitride semiconductors AlN, GaN and InN are widely used in optoelectronic applications, including laser diodes and light emitting diodes (LEDs) [1] - [5] . Ultraviolet (UV) light emitters based on Al x Ga 1−x N alloys are currently of considerable interest for applications in water disinfection, solarblind communications, biohazard detection and polymer curing [6] , [7] . Compared to conventional mercury UV lamps, UV-LEDs offer considerable advantages, including significantly longer lifetimes, lower heat consumption, small and robust form-factors, non-toxic material compositions and the potential for much higher light output efficiency [8] . However, typical external quantum efficiencies (EQEs) of conventional UV LEDs in the germicidal range of 265 -280 nm are extremely low compared to LEDs emitting in the blue light region [9] , [10] . This is due mainly to the difficulty of obtaining efficient p-type doping in Al x Ga 1−x N, light absorption by the p-type layer, and the high defect densities in often complex device structures [9] - [14] . In contrast, metal-insulatorsemiconductor tunnel diodes have simple structures and do not contain p-type material, therefore are of interest as alternative structures for low-cost UV light emitters. UV light emission from MIS diodes has been reported previously [15] - [20] . For example, Au/SiO 2 /ZnO MIS-LEDs have been reported, although the resulting electroluminescence intensity was low and the emission peak was very broad. A relatively thick (∼100 nm) insulating layer was required to obtain diode behaviour [16] , [17] . However, these MIS-LEDs were based on oxide films with a crystal quality significantly poorer than that of epitaxially grown nitride semiconductors. III-nitride materials can be grown with low defect densities, which in principle may enable higher emission intensities. Nitride-based MIS LEDs can also serve as a benchmark to establish the performance of MIS LEDs relative to conventional LEDs. Additionally, theoretical considerations have shown that resonant tunnelling in MIS structures could enhance light emission intensities [21] , [22] . While early reports of nitride-based MIS structures exist [15] , [23] , [24] , device performance at that time was limited by the poorly optimised doping and the low epitaxial quality of the films. Therefore, this study aims to develop an efficient nitride-based resonant tunnelling light emitting diode using high-quality material, and investigate the efficiencies and operating mechanisms of resonant tunnelling MIS LEDs based on an Au/AlN/n-GaN heterostructure. Fig. 1 shows a schematic of the MIS UV LED device structure, with a 0.45 mm 2 mesa. An active layer comprising a 2 μm n-type Si-doped GaN (carrier concentration: 6 × 10 18 cm −3 ) was grown by metal-organic chemical vapour deposition (MOCVD) on a 3 μm unintentionally-doped GaN buffer layer with a low dislocation density of 1 × 10 8 cm −2 , grown on a (0001)-oriented sapphire substrate, according to conditions described earlier [25] . A series of AlN insulating layers were then deposited onto these n-GaN films using radio frequency (RF) magnetron sputtering with thicknesses of 3 nm, 5 nm, 10 nm and 20 nm. The RF sputtering process was conducted in a combined sputtering/thermal evaporation system (Mantis Deposition Ltd) with a base pressure of 5 × 10 −8 mbar using a 40% N 2 /60% Ar partial pressure gas mix. The growth pressure was 4 × 10 −3 mbar at 200 W with the substrate temperature of 450°C. A 7 nm semi-transparent Cr/Au film acted as a current spreading layer and well-adhered Schottky contact to the insulator, followed by a 60 nm Au probing contact. Both were deposited by thermal evaporation on top of the AlN insulating layer. A 60 nm Cr/Au bottom contact was also deposited on top of the n-GaN, with contact resistance of 2.2 × 10 −4 cm 2 . The crystal quality of the n-GaN was assessed by X-ray diffraction (XRD) and photoluminescence (PL) measurements. XRD was performed using a PANalytical Empyrean diffractometer with Cu K α -radiation at a wavelength of λ = 1.5406Å . PL spectra were obtained using a pulsed Nd:YAG laser operating at 266 nm at room temperature. Electroluminescence (EL) measurements were performed at room temperature using a Keithley 2602A source measure unit. To optimise the quality of the interface, an additional sample was grown in which a 10 nm AlN layer and the metal contact layers were grown sequentially using RF sputtering without breaking vacuum in order to investigate the effect of possible oxidation of the AlN surface on device performance. The AlN 0002 XRD ω-scan full width at half maximum (FWHM) value obtained from a thicker AlN test layer grown under the same conditions was 0.200˚, consistent with the deposition of oriented material with a columnar microstructure (as expected for magnetron sputtered AlN). In contrast, the n-GaN 0002 XRD ω-scan full width at half maximum (FWHM) value was 0.085˚and the main PL peak was at 365 nm with FWHM of 13 nm, these data being consistent with the low defect densities required for efficient UV emission. Modelling was also performed using the One Dimensional Poisson, Driftdiffusion, and Schrodinger Solver (1D-DDCC) to obtain band diagrams, using literature values and setting the reference zero level to the Fermi energy of the n-GaN [26] .
Experimental Details and Results
The thickness of the AlN insulating layer was varied to investigate its influence on the efficient emission of UV light from the MIS diode. AlN was deposited with thicknesses of 3 nm, 5 nm, 10 nm and 20 nm and the diode behaviour of the MIS devices was characterised by current-voltage (I-V) measurements, as shown in Fig. 2 Nearly ohmic behaviour was observed for the MIS device with a 3 nm thick AlN layer ( Fig. 2(a) ), indicating that carriers could readily tunnel through the AlN. A 2 nm increase in the AlN layer thickness, to a total of 5 nm, was sufficient for clear diode-like behaviour to occur (Fig. 2(b) ). However, there was significant current leakage under reverse bias, implying that the AlN was still too thin to form barrier suitable for efficient light emission. In contrast, ideal diode behaviour with negligible reverse bias current leakage was observed for the MIS LED with a 10 nm AlN layer (Fig. 2(c) ). Further increase in the AlN layer thickness to 20 nm resulted in high diode resistance under forward bias, indicating that the layer was now too thick for sufficient forward current flow to yield high light emission intensity ( Fig. 2(d) ). This differs significantly from previous reports on oxide-based MIS diodes, where, for example, 50 nm HfO 2 was found to be the optimum insulator thickness for ZnO-based MIS diodes [26] , [27] . Fig. 3(a) shows the variation of the electroluminescence (EL) emitted devices with different AlN insulators under a forward injection current of 250 mA. No emission was observed from the MIS device with a 3 nm AlN layer, consistent with its linear I-V behaviour. In contrast, significant emission was produced from the MIS LEDs with 5 nm and 10 nm AlN layers, with near band edge emission peaks occurring at 369 nm (with a FWHM of (18 ± 1) nm) and 367 nm (with a FWHM of (15 ± 1) nm) respectively. The difference in the AlN insulator thicknesses meant that different applied voltages were required to achieve the same current of 250 mA. Consequently, the relative band alignments near the active light-emitting region of the device differed slightly between the two devices, accounting for the small relative offset between their emission spectra. Despite using the same injection current for all devices, much weaker emission was obtained from the MIS LED with a 20 nm AlN layer. In the absence of any p-type material in the MIS structure, the most likely explanation for the supply of holes needed for EL to occur is direct tunnelling of carriers from the valence band in the n-GaN through the AlN barrier to the Au/Cr contact. The reduced emission from the structure with a 20 nm AlN layer provides evidence of this. Moreover, the emission peaks were red-shifted and broadened with increasing injection current. A similar observation has been attributed to local band bending effects at the interface [28] . Fig. 3(b) shows the variation in the EL intensity with drive current. The emitted intensity initially grows rapidly with increasing drive current, reaches a maximum and then decreases. This contrasts with the behaviour in GaN-based p-n junction LEDs in which the growth in the light output power with increasing drive current becomes sub-linear but never actually drops unless excessive Joule heating occurs. Thus, the dominant mechanism for efficiency droop in the MIS LEDs reported here differs from those thought to cause efficiency droop in conventional LEDs [29] .
The influence of injection current was investigated further using a second MIS LED with a 10 nm AlN layer, but with the AlN layer and the metal contact layer deposited without breaking vacuum, to prevent contamination and/or oxidation of the AlN surface which is otherwise known to occur [30] . Fig. 4 shows the I-V behaviour of this structure. A region of negative differential resistance (NDR) characteristic of resonant tunnelling behaviour occurs, which is stable over time and reproducible over repeated measurements, including from multiple devices processed from the same wafer.
The EL spectra as a function of injection current for this device are given in Fig. 5 (a) and the maximum peak emission intensity is found to be over 10 times higher than for the MIS LED with a 10 nm AlN layer and the Au/Cr contact layer deposited in two steps where the vacuum was broken. Moreover, the EL peaks from this device occur at 365 nm and are narrower (FWHM of (11 ± 1) nm) than that of the initial MIS device with a 10 nm AlN layer (FWHM of (14 ± 1) nm), and a smaller red shift was observed as a function of increasing injection current. The improved light output and the clear region of negative differential resistance in the I-V characteristic correlate with the presence of a clean metal-AlN interface.
Furthermore, the peak in the optical power output coincides with the onset of negative differential resistance in the MIS LED I-V curves, evidence that the supply of carriers derives from resonant tunnelling [31] . Fig. 6 shows quantitative band diagrams and tunnelling mechanisms under different forward bias conditions, which are consistent with the resonant I-V characteristics shown in Fig. 4 and the efficiency drop seen in Fig. 5(b) .
Regarding the efficiency drop, in this case it is possible to exclude Joule heating as a significant influence on device performance: the devices were processed and measured on-wafer, the wafer was clamped to a thermal sink during measurements (both help considerably with local thermal conduction), while a local surface thermocouple probe indicated no temperature changes at the device. Also, the forward resistance (assessed from the I-V curves) is significantly lower than any commercial LED for which data is available. Similarly, no differences were observed between the I-V curves obtained initially at the start of measurements, and those obtained later after the device had been running at high currents for some time, which further indicates minimal contribution from Joule heating. We attribute this performance stability, in part, to the absence of a resistive p-contact and p-type layer, as well as to the clean interface between the AlN and the Cr/Al layer which should minimise contact resistance and improve current spreading.
We also expect a defect band to occur in the sputter-deposited AlN insulating layer [32] , and indeed a broad defect-related band from 3.1 eV -3.7 eV was observed in the PL spectra, which is shown in Fig. 7 . Accordingly, when the MIS device was placed under low forward bias, electrons were able to undergo thermally-assisted tunnelling through the defect band, but initially with a low probability of tunnelling, as shown in Fig. 6 (a) and as seen above point a in Fig. 4 , resulting in a low density of holes tunnelling through from the valence band of the n-GaN. With an increase in applied bias, the increased band bending results in the defect-band state in the AlN and the Fermi level in the metal coinciding in energy with the valence band in the n-GaN (or nearly so), as shown in Fig. 6 (b) and point b in Fig. 4 , to provide a tunnelling pathway for valence band electrons through the barrier layer. At a higher applied bias, the defect band starts to go out of the resonance with valence band, causing a drop in the creation of valence band holes via valence band electrons undergoing resonant tunnelling to the metal, just beyond point b in Fig. 4 . At higher applied biases, electrons in the n-GaN conduction band are able to undergo direct Fowler-Nordheim tunnelling more readily as shown in Fig. 6 (c) and point c in Fig. 4 , resulting in a loss in electron confinement at the interface between the n-GaN and the AlN and a lower radiative recombination rate, all consistent with the data shown in Fig. 5 .
The results also suggest that defect states between the metal contact and AlN barrier layer can inhibit radiative recombination in MIS LEDs by increasing the probability of Fowler-Nordheim tunnelling of conduction band electrons in the n-GaN into the metal contact. Additional defect states at the n-GaN-AlN interface also may be present, contributing further to the resonant tunnelling mechanism, since it was not possible in practice to maintain a perfectly non-oxidised n-GaN surface on the MOCVD-grown GaN before depositing the AlN by RF sputtering.
Conclusion
In conclusion, a strong near-band-edge emission of 365 nm was obtained from a simple Au/AlN/nGaN resonant tunnelling MIS LED. The optimised thickness of the AlN insulating layer was found to be 10 nm. The device efficiency was improved by a factor of 10 when the AlN layer and the metal contact layer were deposited without breaking vacuum, thereby preventing the contamination or oxidation of the AlN surface.
More importantly, the stronger light emission when surface contamination is inhibited correlates with a region of NDR in the I-V characteristic, indicating free holes in the n-GaN valence band are most likely generated by resonant tunnelling. The observed decrease in emitted intensity at high injection currents is attributed to a reduction in the density of conduction band electrons in the n-GaN via Fowler-Nordheim tunnelling occurring in parallel. A defect band in the AlN barrier layer is suggested as origin of the quantum states via which the resonant tunnelling occurs. This proof-of-principle work establishes that UV light can be emitted efficiently from simple nitride-based MIS structure, without the use of p-doped material. Future work will be focused on AlGaN-based MIS LEDs for efficient emission in the deep UV for germicidal applications, including the use of electron or hole confinement structures to increase the spatial overlap between electron and hole wavefunctions and hence improve device efficiency.
